Exogenous application of abscisic acid (ABA) has been shown to induce a systemic pattern of proteinase inhibitor II (pin2) mRNA accumulation identical to that induced by mechanical wounding. Evidence is presented that the ABA-specific response is not restricted to pin2 genes but appears to,be part of a general reaction to wound stress. Four other woundinduced, ABAresponsive genes that encode two additional proteinase inhibitors, the proteolytic enqme leucine aminopeptidase, and the biosynthetic enzyme threonine deaminase were isolated from potato plants. Wounding or treatment with ABA resulted in a pattern of accumulation of these mRNAs very similar to that of pin2. ABA-deficient plants did not accumulate any of the mRNAs upon wounding, although they showed normal levels of expression upon ABA treatment. Also, application of methyl jasmonate (MeJA) induced a strong accumulation of these transcripts, both in wild-type and in ABA-deficient plants, thus supporting a role for jasmonic acid as an intermediate in the signaling pathway that leads from ABA accumulation in response to wounding to the transcriptional activation of the genes.
INTRODUCTt ON
Plants respond to mechanical injury by inducing a defense response characterized by the expression of a set of proteins, mainly aimed at wound healing and prevention of pathogen invasion. These responses include reinforcement of the cell wall by deposition of callose, lignin, and hydroxyproline-rich glycoproteins; synthesis of the antimicrobial compounds phytoalexins; and production of proteinase inhibitors and lytic enzymes such as chitinases and glucanases (Collinge and Slusarenko, 1987; Hahlbrock and Scheel, 1987; Bowles, 199Oa) .
With the exception of callose production that involves Ca2+ stimulation of preexisting callose synthase at the plasma membrane (Fink et al., 1987) , induction of all known defense proteins involves transcriptional activation of the corresponding genes and, as a consequence, correlates with a substantial alteration in the pattern of gene expression in the host plant (Lawton and Lamb, 1987) . This gene activation can be confined to an area close to the wound site or, in some instances, can also occur systemically in undamaged tissues remote from the site of wounding or infection. The genes encoding proteinaceous protease inhibitors (Ryan, 1984) are probably the best analyzed example for such a long-range wound response. Potato and tomato plants accumulate two nonhomologous proteinase inhibitors, proteinase inhibitor I (pinl) and proteinase inhibitor II (pin2), as a direct consequence of wounding by chewing insects or severe mechanical damage (Graham et al., 1985a (Graham et al., , 1985b Stinchez-Serrano et al., 1986) . Mechanical wounding To whom correspondence should be addressed.
of the leaves results in the accumulation of these inhibitors in the directly injured tissue as Well as in other aerial organs of the plant, far away from the primary wound site (Petia-Cortes et al., 1988) . In potato plants, products of both gene families accumulate to very high levels in tubers, where they can comprise more than 15% of the soluble proteins (Ryan, 1984) . In addition, pin2 has been found to be expressed during early stages of floral development; young floral buds accumulate pin2 mRNA that, thereafter, is absent in the fully developed flower (Pefia-CortBs et al., 1991) .
The mechanism by which the plant regulates pin2 expression is, at present, not well understood. An inducing factor, or "wound hormone," has been postulated that, released at the wound site, would be transported through the vascular system to the rest of the plant, thus leading to the systemic activation of these genes. Severa1 different stimuli have been shown to induce pin2 expression and thus have been postulated as putative wound signals (Bowles, 1990b) . Oligogalacturonides isolated from plant cell walls were shown to induce the expression of pin genes when supplied through cut petioles of excised leaves (Bishop et al., 1981; WalkerSimmons et al., 1984) . The uronides, however, may not be the systemic signal, because their mobility through the phloem is limited (Baydoun and Fry, 1985) . These compounds are rather thought to be released from the wounded tissues as early signals in the pathway that ultimately leads to both localized and systemic wound-induced expression of the pin genes. Additional signaling mechanisms, such as electrical signals l h e Plant Cell (Wildon et al., 1989) and jasmonic acid (JA) derivatives (Farmer and Ryan, 1990) , have also been postulated. l h e lipid-derived compound methyl jasmonate (MeJA), for example, when applied to tomato plants, was shown to act as a volatile signal inducing the accumulation of proteinase inhibitor proteins to even higher levels than those induced by wounding. This plant growth regulator has thus been hypothesized to be a key component of intracellular signaling in response to wounding or pathogen attack. Recently, a peptide signal mediating the systemic wound response of pinl and pin2 genes in wounded tomato leaves has been reported (Pearce et al., 1991) . This molecule, termed systemin, is an 18-amino acid oligopeptide, rich in proline and basic amino acids, which has been shown to move systemically in the phloem to distant plant tissues.
We have obtained evidence for the involvement of the phytohormone abscisic acid (ABA) in the systemic induction of pin2 genes. ABA treatment results in the systemic accumulation of pin2 mRNA in the leaves of potato plants, in the absence of any wounding. Wound induction of pin2, on the other hand, is not observed in mutants of potato and tomato deficient in the synthesis of ABA. In these plants, however, treatment with ABA reverts the accumulation of pin2 mRNA to the levels normally found in wild-type plants. Moreover, endogenous levels of ABA increase, both locally and systemically, in wild-type plants upon wounding (PeAa-Cortes et al., 1989) . Although direct transport of ABA from the wound site has not yet been demonstrated, these results are consistent with this hormone being directly associated with the systemic signal elicited in response to wounding.
In an attempt to define whether the observed correlation between wound and ABA activation is specific for the pin2 genes or, rather, represents a more general mechanism that the plant uses for activation of numerous genes, we set out to identify additional potato clones showing an analogous pattern of expression. We report on the isolation, by differential screening, of four other wound-and ABA-responsive genes. We have analyzed the distribution of the corresponding mRNAs in the different organs of nonwounded, wounded, and ABA-sprayed wild-type and mutant potato plants. Our findings showed that wounding or ABA treatment leads to a pattern of expression of these genes that is very similar to that of pin2, thus supporting the direct involvement of this hormone in the signal transduction to mechanical damage. We also showed that the plant growth regulator JA induces high levels of expression of all these genes.
RESULTS
lsolation of cDNA Clones lnduced upon Wounding or
ABA Treatment
To isolate ABA-responsive cDNA clones from potato that encode polypeptides specifically accumulating upon wounding, we constructed a hgtll potato cDNA library, using poly(A)+ RNA from ABA-sprayed potato plants, and screened this library with 32P-labeled cDNA probes prepared from poly(A)+ RNAs from control and wounded potato plants. Eight specific plaque hybridization signals were obtained upon screening approximately 100,000 plaques, which showed positive hybridization with the wound probe but very low or no hybridization to the control probe prepared from nonwounded plants. Following plaque purification and isolation of phage DNA, hybridization to pin2 and cross-hybridization among the different clones were verified by DNA gel blot analysis (data not shown). Based on these results, the clones could be grouped into four independent classes, all of them being different from pin2. The cDNAs from clones 3,4,11, and 17, containing the longest insert sizes of each class of clones, were subcloned into the plasmid vector pGEM4 and further characterized.
The Highest Leve1 of Developmental Expression of
Clones 3, 4, 11, and 17 in Unwounded Control Plants 1s Found in Tubers and Flowers TO define the spatial expression patterns of the different clones during normal plant development, probes corresponding to these genes were hybridized to RNAs from various tissues of nonwounded potato plants. RNA gel blot analyses with these samples revealed a pattern of accumulation for clone 4 that is very similar to that of pin2 mRNA (PeAa-Cortés et al., 1991) , with high levels of expression detected in tubers and green buds, as shown in Figure 1 . Levels of mRNA for both genes in the floral buds decreased as petals started to become colored, and transcripts were not detected above background levels in completely open flowers. The pattern of expression corresponding to the other clones was somewhat different. Clone 11 mRNA accumulated in tubers and was not detected in floral buds. Clone 17, on the contrary, manifested expression in floral buds and showed very low levels of transcript accumulation in tubers, whereas clone 3 was exclusively expressed in floral buds (Figure 1 ). No expression was found in roots or in leaves of unwounded plants for any of the probes analyzed (Figure 1 ).
Accumulation of Transcripts 3, 4, 11, and 17 in Wounded and ABA-Sprayed Potato Plants
The effect of wounding or ABA induction on transcript levels corresponding to the different clones was investigated by RNA gel blot analysis. Total RNA was extracted from the different organs of plants that had been either mechanically wounded or ABA sprayed. As shown in Figure 2 , following wounding or ABA treatment, plants showed a high accumulation in leaf tissues of the mRNA corresponding to all clones. Wounding of the leaves induced the expression of the genes not only in the tissue directly wounded but also in tissues distant from the wound site itself. Total RNA (30 ng per lane) isolated from the various tissues of control potato plants was fractionated on a formaldehyde-agarose gel, transferred to nylon membranes, and hybridized to the different ^P-labeled cDNA probes.
nevertheless varied among the different clones; i.e., strong induction was observed for clones 4 and 11, much lower levels of systemic induction were observed for clone 17, whereas wound-induced accumulation of the mRNA for clone 3 was almost exclusively confined to those areas of the leaves that were directly wounded. ABA treatment of the plants induced a tissue-specific pattern of gene expression that completely matched the one observed upon plant wounding (Figure 2 )-that is, high levels of mRNA for all four genes were observed in leaves and to a lesser extent in stems, but in no case was transcript accumulation observed in roots. The association of JA and its methyl ester with wound responses has been recently established. JA was reported to stimulate the accumulation of two wound-inducible soybean genes when applied to fully expanded leaves or cell cultures (Anderson, 1989; Staswick, 1990) . Moreover, this plant hormone has been shown to induce the accumulation of proteinase inhibitor proteins to even higher levels than those obtained by wounding (Farmer and Ryan, 1990) . To establish whether this compound can also induce the expression of the different wound/ABA-responsive genes isolated, detached potato leaves were incubated through the petiole in solutions of ABA or MeJA in the dark. At the same time, leaves were incubated in water to determine the levels of expression originated by wounding during leaf excision. RNA samples isolated from leaves of control and water-stressed plants, and locally and systemically wound-induced leaves were included for comparison. Results from RNA gel blot analyses, as illustrated in Figure 3 , revealed essentially identical patterns of hybridization for the different genes. Transcripts corresponding to all clones accumulated dramatically upon wounding, ABA, or MeJA treatments. Wounding of the leaves induced both the local and systemic expression of the genes, aside from clones 3 and 17, which manifested only low levels of systemic induction. Consistent with our previous results (Pena-Cortes et al., 1989) , high levels of expression were obtained upon ABA treatment, yet no hybridization signal could be detected in the water-stressed leaves. Interestingly, all four genes displayed strong hybridization signals in those lanes containing RNA from MeJA-treated leaves.
All
Genomic DNA gel blot analyses verified that gene copies homologous to all clones also exist in the diploid potato relative Solanum phureja and in the tomato genomes (data not shown). This allowed us to examine the expression of the different genes in the ABA-deficient background corresponding to the potato droopy mutants (Quarrie, 1982) . As shown in Figure 3 , transcript levels attained upon wounding, for all four genes, were much lower in the ABA-deficient mutant than they were in the wild-type plants, with the mutant being clearly impaired in wound response. This lack of induction could be complemented by the exogenous application of ABA as deduced from the high levels of mRNA accumulation, which was observed for all clones, in the ABA-treated deficient plants. ABA deficiency, on the other hand, did not appear to inhibit JA-regulated expression of the genes, in view of the similar high levels of expression seen in wild-type and droopy mutant plants ( Figure 3) .
As a control to demonstrate the effectiveness of the water stress treatment, the blots were reprobed with the tomato cDNA clone TAS-14, which displays a well-characterized ABA and water stress response (Godoyetal., 1990 Total RNA was isolated from leaves of wild-type S. phureja and ABA-deficient droopy potato plants that had been either nontreated (cont), drought stressed (water stress), directly wounded (wound), or systemically wound induced (syst), or alternatively incubated through the cut petiole in water (H 2 O) or in 50 nM solutions of abscisic acid (ABA) or methyl jasmonate (MeJA). RNA samples (30 ng) were fractionated on formaldehyde-agarose gels, transferred to nylon membranes, and hybridized to the different 32 P-labeled cDNA probes. Hybridization to the tomato TAS-14 gene (Godoy et al., 1990 ) was performed as a control for drought stress.
detected in wild-type ABA-treated or water-stressed leaves. Low levels of mRNA were also found after wounding, which probably originated from water loss in the directly injured tissues.
Likewise, weak hybridization signals were observed in ABAdeficient leaves upon water stress, yet levels of TAS-14 mRNA similar to those of the wild-type plants were obtained following ABA application (Figure 3) . The ABA contents of the different samples analyzed are shown in Table 1 . ABA concentrations of about 10% those of the wild-type leaves were observed in the ABA-deficient droopy leaves. Whereas wounding or water stress led to threefold and 10-fold increases, respectively, in ABA levels in the wild-type plants, such increases were not observed in droopy leaves. These results, in close agreement with our previous reports (Pefia-CortBs et al., 1989 , correlate with the lack of induction observed in droopy plants and, at the same time, are consistent with two different pathways mediating wound and drought stress responses. As shown in Table 1 , very high levels of ABA were found both in wild-type and droopy leaves directly incubated with the hormone. It is difficult, however, to evaluate whether these levels denote the actual ABA concentrations present in the tissue or rather correspond to erroneous values dueto direct hormone absorption to the leaf cuticle. More important, no increase in the ABA concentration was observed in leaves incubated with JA, with levels of the hormone in these samples being similar to those observed in control leaves. This result together with the observation that JA induces high levels of expression of all genes, also in the ABA-deficient plaiiis, suggest that JA would act in a later step than ABA in the signaling pathway that leads to induction of these genes as a result of mechanical wounding.
The Clones lsolated Encode Two Proteinase Inhibitors, an Aminopeptidase and Threonine Dehydratase, Respectively
In an attempt to define the possible physiological function associated with these clones, their corresponding cDNA inserts were sequenced and the deduced amino acid sequences were compared with other previously described polypeptides.
Clone 4 (785-bp long) shows extensive similarity to an aspartate proteinase inhibitor sequence from potato tubers . As illustrated in Figure 4 , the deduced amino acid sequence of clone 4 differs by 13 residues from that of the tuber cathepsin D inhibitor cDNA clone. That sequence contains, in addition, a 3-bp insert in the coding region that adds one amino acid residue to the corresponding protein . A single conserved amino acid exchange is observed in the N-terminal signal peptides of the products encoded by the two clones.
Significant amino acid sequence homology (25% identity) is also found to sweet potato sporamins, poplar win3 gene products, and Kunitz trypsin inhibitor (Kim et al., 1985; Murakami et al., 1986; Bradshaw et al., 1989) , all of them considered as members of the soybean trypsin inhibitor superfamily of proteins.
The nucleotide sequence of the cDNA insert of clone 3 (1294-nucleotides long) is illustrated in Figure 5 . An open reading frame extends 1080 nucleotides at the 5'end of the cDNA sequence, encoding a putative protein of 360 amino acid residues. A protein data base search with the deduced amino acid sequence revealed extensive homology to biosynthetic threonine deaminases from tomato, yeast, and Escherichia coli and to the biodegradative isozyme from E. coli (Kielland-Brandt et al., 1984; Cox et al., 1987; Lawther et al., 1987; Samach et al., 1991) . Less extensive but still significant sequence similarity was observed to rat serine dehydratase (Ogawa et al., 1988) .
The cDNA sequence of clone 11, with an insert of 439 bp, is shown in Figure 6 . RNA gel blot hybridizations with this insert revealed a transcript of 2.5 kb; this clone corresponds, therefore, to a very short copy of the homologous mRNA. In an attempt to obtain full-length cDNA copies, clone 11 was used as a hybridization probe to rescreen the library. Severa1 additional clones isolated in this way nonetheless did not extend further 5'to the original insert in clone 11 or correspond to anomalous copies of the mRNA. Translation of the clone 11 insert predicted a protein sequence of 66 amino acids, followed by a 239-bp nontranslated region. Comparison of the deduced amino acid sequence with sequences of a protein data base revealed significant sequence homology to rice oryzacystatin (45% homology), and animal kininogen and cystatins (31% homology) (Ohkubo et al., 1984 ; Abe et al., 1987) . These proteins exhibit inhibitory activity against cysteine proteinases, and all of them conserve the sequence Gln-ValValAla-Gly, which corresponds to the active site for proteinase inhibition. It is noteworthy that this conserved sequence also exists in the partia1 amino acid sequence deduced from clone 11. Repeated sequences occurring in tandem have been observed in the genes for human and bovine kininogen (Nawa et al., 1983; Ohkubo et al., 1984) and might account for the anomalous structure of several of the potato cDNAs we isolated. As illustrated in Figure 7 , the cDNA insert (1856 bp) corresponding to clone 17 contains an open reading frame of 555 amino acids that predicts a protein of about 58 kD. Comparison of the predicted amino acid sequence with the NBRF protein data bank revealed significant sequence similarity (35% identity) to E. coli aminopeptidase All and bovine eye lens leucine aminopeptidase (Cuypers et al., 1982; Stirling et al., 1989) . The observed homology increases in the C-terminal region, where 47% identity is observed among the proteins. The potato polypeptide extends several amino acids further in the N-terminal region as compared to the E. coli and eye lens enzymes.
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DISCUSSION lnvolvement of the Plant Hormone ABA in Wound Responses
We have isolated four nove1 ABAhvound-responsive genes by differential screening of a cDNA library prepared from ABAsprayed potato plants, using cDNA probes synthesized from poly(A)+ RNAs from control and wounded potato leaves.
Strong hybridization signals corresponding to these clones were found in leaves of wound-induced or ABA-sprayed potato plants. ABA treatment led to a tissue-specific pattern of accumulation of these genes, identical to the one observed in wounded plants. Like pin2, wound-and ABA-induced expression of all the genes was limited to the aerial parts of the plant, and no induction could be detected in the lower part of the stem or in roots. Wounding of the leaves induced gene expression in the directly wounded tissue as well as in tissues distant from the wound site. The extent of this systemic response, nevertheless, differed among the clones; i.e., a strong induction was observed for clones 4 and 11, a much weaker induction was observed for clone 17, whereas no systemic accumulation could be observed for clone 3.
Potato mutants impaired in ABA synthesis show very low levels of accumulation of pin2 and the other ABA/woundresponsive genes (Pena-Cortes et al., 1989 ; this paper) upon wounding. This result indicates that elevated concentrations of endogenous ABA are required for induction of these genes in response to plant injury and, therefore, are consistent with ABA being directly involved in the release of both local and systemic wound signals or, alternatively, being itself this signal. The absence or very low levels of systemic induction displayed by clones 3 and 17, however, would exclude the direct 
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The predicted amino acid sequence is shown below the nucleotide sequence. Amino acid residues identical to rice oryzacystatin (Abe et al., 1987) are shadowed. The sequence CI-V-V-A-G, which has been proposed to be involved in proteinase inhibition, is indicated. Putative polyadenylation addition signal sequences are underlined.
involvement of ABA as a long-range signal and would rather point to a more indirect function of this hormone in the inductive pathway.
Furthermore, these observations demonstrate that the hormone ABA plays a crucial role not only in the induction of pin2 but also in the coordinated accumulation of severa1 other plant defense-related genes as a result of plant injury, thus pointing to a general significance of the linkage between wound-induced and ABA-activated gene expression.
Separate Pathways Are Responsible for Organ-Specific and Wound-lnduced Expression of the Genes
Genes involved in defense responses often show complex patterns of expression. The pin2 gene, for example, shows a developmentally regulated expression in tubers and immature floral buds, besides its transcriptional activation in response to mechanical wounding. Likewise, mRNAs corresponding to the clones described in this paper were shown to accumulate differentially during normal development. Clone 4 displayed a pattern of expression very similar to pin2, with high levels of both mRNAs detected in tubers and floral buds of untreated plants. In contrast, clone 11 mRNA was exclusively detected in tubers. Clone 17, on the other hand, was expressed to very low levels in tubers and accumulated in floral buds, whereas clone 3 manifested expression only in this latter organ.
Such variable tissue-specific expression in unwounded plants contrasts with the constant pattern of accumulation exhibited by the genes.upon wounding or ABA treatment. Apart from differences in the extent of the systemic response, all genes displayed a pattern of accumulation in the aerial parts of the plant identical to that of pin2, with no expression in the lower part of the stem or in the roots. Moreover, ABAdeficiency appears to have little influence in the developmental expression of pin2 in tubers and floral buds (PeAa-Cortbs et al., 1991) . Taken together, these results point to the involvement of the hormone ABA in the response of these genes to environmental stress but not in their developmentally regulated expression and thus suggest the presence of separate pathways for both patterns of expression. Even so, the fact that all gene products accumulate in tubers or flowers, or in both tissues at the same time, could still be indicative of a common signaling compound being involved in expression in these tissues. Noteworthy is the fact that those clones displaying constitutive expression in tubers showed as well a much stronger systemic wound response. In this regard, JA and the structurally related compound tuberonic acid were shown to have strong tuber-inducing activity in vitro (Yoshihara et al., 1989; Pelacho and Mingo-Castel, 1991) . It remains an open question why certain genes are active in both buds and tubers, whereas others are only active in one of these organs.
Physiological Significance of the Wound-lnduced Genes
The deduced amino acid sequences of clones 4 and 11 showed similarities to aspartate and cysteine proteinase inhibitors, respectively. Proteinase inhibitors with specificity against serine proteinases have been well studied, and their involvement as part of a general defense response in plants is well documented (Ryan, 1990) . Contrary to this, only afew examples of proteinase inhibitors specific for other classes of peptidases have been reported in plants.
Potato tubers accumulate, along with the pinl and pin2 iamilies of serine proteinase inhibitors, an inhibitor of the aspartic proteinase cathepsin D (Mares et al., 1989; Ritonjaet al., 1990) .
A cDNA clone encoding this protein that shares more than 95% homology to the protein sequence deduced from clone 4 has been recently isolated . Similarly, inhibitors of cysteine proteinases have been reported to accumulate during tuber development (Rodis and Hoff, 1984; Rowan et al., 1990) , which might be represented by clone 11.
Like pinl and pin2 genes, the proteinase inhibitors encoded 
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Figure 7. Sequence Similarity of Clone 17 to the E. coli XerB and Bovine Eye Lens Leucine Aminopeptidases.
The deduced amino acid sequence of the protein encoded by clone 17 is given below the nucleotide sequence. Gaps introduced to optimize sequence homology between proteins are indicated by dashes. Amino acid residues conserved in the E. coli XerB (E. coli LAP) (Stirling et al., 1989) and bovine leucine aminopeptidase (bovine LAP) (Cuypers et al., 1982) polypeptides are shadowed. Polyadenylation signals are underlined.
by clones 4 and 11 are systemically induced in leaves in response to wounding. These inhibitors, therefore, might play a significant role in the natural defense mechanisms of the plant against insect and pathogen attack. Actually, serine proteinases have been identified in extracts from the digestive tracts of insects from many families, particularly those of the Lepidoptera, whereas cysteine proteinases are major digestive enzymes in midguts of severa1 families of Hemiptera and Coleoptera (Ryan, 1990) . Upon plant injury, an array of inhibitors specific to serine, aspartate, and cysteine proteinases appear then to be induced and to accumulate in leaves that, when acting in concert, might be capable of exerting a defensive role against a broad spectrum of insects and other herbivores.
Clone 17 shows high sequence similarity to E. coli and bovine lens leucine aminopeptidases (Cuypers et al., 1982; Stirling et al., 1989) . These enzymes are exopeptidases, mainly active against dipeptides and tripeptides, that catalyze the hydrolysis of amino acids from the N terminus of the polypeptide chain. They consist of identical polypeptide subunits with an M, of 54,000, with two zinc ions bound per subunit and, therefore, belong to the two-metal class of peptidases (Vogt, 1970; Cuypers et al., 1982) . Severa1 aminopeptidases have been purified from seeds of both dicotyledonous and monocotyledonous plant species. lncreased specific activities of many such peptidases were correlated with the loss of total soluble protein from the cotyledons and, therefore, are considered to be involved in the mobilization of protein reserves during seed germination and subsequent early seedling growth (Preston and Kruger, 1986; Wilson, 1986) . All of these enzymes are of the cysteine type, with a neutra1 or alkaline pH optimum and molecular weights of about 60,000. These aminopeptidases thus correspond to a different class than the one encoded by clone 17. Whereas the role of the aspartate and cysteine proteinase inhibitors in plant defense can be argued along the same lines as for pin2, the aminopeptidase induction is one of the first examples of the involvement of a proteinase in the plant defense mechanism. In this regard, wounding results in a substantial alteration in the pattern of gene expression in the host plant. The expression of defense-related genes, mainly involved in wound healing and prevention of pathogen invasion, is triggered, whereas the expression of other genes, such as the small subunit of the ribulose bisphosphate carboxylase (Peiia-Cortes et al., 1988) and the 10-kD protein of the watersplitting apparatus (Stockhaus et al., 1989) , is turned off. In parallel to this drastic switch in gene expression, induction of proteinases could play a role in intracellular protein turnover to provide aflow of amino acids from the existing into the newly synthesized proteins.
Clone 3, on the other hand, shared remarkable identity to biosynthetic threonine deaminases from E. coli, yeast, and tomato. Biosynthetic threonine deaminase (Td) catalyzes the conversion of L-threonine to a-ketobutyrate and ammonia, the first committed step of the pathway leading to the synthesis of the amino acid isoleucine. The enzyme activity is allosterically inhibited by the end product isoleucine and thus provides differential metabolic regulation of the complete biosynthetic pathway (Umbarger, 1978) .
In plants, biosynthetic Td activity is associated with chloroplasts. The nucleotide sequence of a recently isolated tomato gene (Samach et al., 1991) constitutes the sole plant Td sequence available to date. More than 90% similarity is observed between the potato and tomato sequences on the amino acid level. Consistent with our RNA gel blot analyses results, very high levels of mRNA were found in early tomato floral meristems, where Td was found to accumulate mostly in the parenchymal cells of petals, stamens, and sepals. Low levels of protein were also found in young tomato leaves, yet no wound induction was reported. We have shown that wounding of the leaves induces very high levels of expression of this gene in the tissues adjacent to the wound site. Nevertheless, the role of this enzyme in the plant defense strategy is at present obscure.
The contribution of defense-related proteins that accumulate in potato tubers to protect these storage and regenerative organs from pathogen and pest attack is well established (Ryan, 1990) . In contrast, the physiological significance of the association of wound-related proteins and flower formation is not well understood. Besides those reported here, a number of stressrelated gene products, including basic ~-1,3-glucanases and chitinases, have been found to accumulate during flower development (Lotan et al., 1989; Neale et al., 1990) . It has been suggested that the proteins encoded by these genes may be directly involved in the vegetative-to-floral meristem conversion or, alternatively, that these compounds may perform an ancillary function as part of a general defense mechanism devoted to preserving the newly differentiated tissues from invasion by foreign organisms (Neale, 1990) . Further study on the expression pattern and properties of these genes will be needed to clarify their role in flowering.
Signal Transduction Pathway
ABA appears not to be the only regulator involved in the control of changes in gene expression that occur in response to wounding. Water stress conditions, for instance, despite resulting in an increase in the endogenous ABA concentration by eightfold to 10-fold, do not lead to any accumulation of pin2 mRNA or any of the other wound-inducible genes isolated (Figure 3) . In agreement with these results, accumulation of water stress-responsive genes appears to be independent of de novo protein synthesis, whereas accumulation of pin2 mRNA is not (Pefía-Cort6s et al., 1989) . These experiments indicate that different transduction mechanisms regulate these two ABAmediated responses. Whereas ABA would directly mediate responses to osmotic stress, a more complex signaling pathway might lead to transcriptional activation of the defense-related genes as the end result of the increased levels of ABA caused by wounding.
The fatty acid derivative JA is a particularly relevant candidate for a role in this signal transduction pathway. Support for a function of JA and its methyl ester as plant growth regulators comes from their wide occurrence in higher plants (Meyer et al., 1984 ; Vick and Zimmerman, 1984) . In many respects, these two compounds have biological effects analogous to ABA. When exogenously applied to plants, JA has been reported to induce the accumulation of specific polypeptides in senescent barley leaves (Weidhase et al., 1987) . In these experiments, ABA induced a pattern of polypeptides very similar to those obtained after MeJA treatment, yet higher concentrations were necessary. Physiological effects of JA on inhibition of precocious seed germination and plant growth have also been described previously (Ueda and Kato, 1982; Corbineau et al., 1988) .
Recent data suggest that'JA might be a central component of intracellular signaling in response to wounding or pathogen attack. MeJA was shown to stimulate the accumulation of wound-inducible vegetative storage proteins in soybean plants and suspension cultures (Mason and Mullet, 1990 ; Staswick, 1990 ). In addition, airborne MeJA was able to trigger the accumulation of pinl and pin2 proteins in leaves of tomato plants to even higher levels than those induced by wounding (Farmer and Ryan, 1990) . Likewise, we demonstrated that JA strongly induced the accumulation in potato leaves of all the isolated ABA-responsive/wound-induced genes. More interestingly, incubation of potato leaves with JA resulted in similar levels of mRNA accumulation in both wild-type and ABAdeficient mutant plants. Although the relevance of this response in vivo is as yet unknown, both the fact that all the ABA/woundresponsive genes are also induced by JA and the fact that both wild-type and ABA-deficient plants respond to treatment with JA strongly indicate that this growth regulator may act as an intermediate step in the signaling pathway that leads to the activation of these defense-related genes. As such, JA could bypass the initial recognition events requiring ABA and thus trigger the induction of the genes even in the absence of the phytohormone.
JA is synthesized in plants from linolenic acid by an oxidative pathway similar to that leading to the synthesis of prostaglandins in animals. Actually, the chemical structure of JA is very similar to that of prostaglandins (Vick and Zimmerman, 1987) . In mammals, eicosanoid synthesis is triggered by release of arachidonic acid from membranes into the cytoplasm, where it is metabolized into stress-related second messengers. Analogously, metabolites of linolenic acid might function as plant stress second messengers, released during defense responses to wounding or pathogen attack (Farmer and Ryan, 1992) . According to this model, increased levels of ABA as a result of tissue injury may lead to activation of a lipase in the plasma membrane and the release of linolenic acid or, alternatively, to activation of specific lipoxygenases that, when acting on linolenic acid, would then produce a rapid accumulation of JA. Fatty acid hydroperoxides (lipoxygenase products) have been shown to be metabolized to allene epoxides, precursors of more stable end products such as JA. Recent evidence obtained from the purification of the enzyme allene oxide synthase of flaxseed has allowed the identification of this enzyme as a member of the cytochrome P-450 family of hemoproteins and thus implicates this type of oxygenase in the JA biosynthetic pathway (Song and Brash, 1991) .
Whatever the exact mechanism of ABA action is, it is important to note that high endogenous levels of this hormone are required to trigger the JA signaling pathway. Actually, elevated concentrations of ABA are required for expression of pin2 and the other ABA/wound-responsive genes, and, accordingly, in ABA-deficient plants, only very low levels of the transcripts corresponding to these genes accumulate upon mechanical wounding. Further experiments will be required to elucidate the modes of action of ABA and the polypeptide systemin (Pearce et al., 1991) and to aid in the understanding of how endogenous levels of JA are regulated. 
Plant Material
Potato plants Solanum tuberosum cv Désiree; the diploid relative S. phureja, and the corresponding abscisic'acid (ABA)-deficient'droopy mutant (Quarrie, 1982) were used as experimental material. Seeds of both S. phureja and droopy potato plants were kindly provided by S. A. Quarrie, and plants were thereafter vegetatively propagated from cuttings.
Greenhouse-grown plants at the five-to six-leaf stage were used in these studies. Growth conditions were a 1&hr light photoperiod (18OC day/lO°C night) at 60 to 90% relative humidity.
Wounding, ABA, and Jasmonic Acld Treatments Plants were wounded by applying dialysis clamps, perpendicular to the main vein, to the third and fifth fully expanded leaves. After 20 hr, leaves were again wounded and plant material was harvested 4 hr later. Leaf material within 10 mm from the clamp was assayed for local induction, whereas the fourth nonwounded leaf was assayed for systemic induction.
Racemic cis-trans ABA (Sigma; 99% pure) was dissolved in ethano1 (100 mM stock solution) and subsequently diluted in water to the concentration indicated for each experiment. Plants were sprayed every 6 hr (approximately 100-mL solution per plant) with a 100 pM ABA solution for 24 hr. Methyl jasmonate (MeJA) (Apex Organics, Leicester, UK; >90% pure) was dissolved in N,N-dimethylformamide (100 mM stock solution) and subsequently diluted in water to obtain a 50 pM MeJA solution.
Petiol feeding experiments were performed by incubating the cut leaves in water or 50 pM solutions of ABA and MeJA, respectively, for 24 hr in the dark.
Water stress samples were obtained either from unwatered plants or from plants that were removed from the pot and let dry on the laboratory bench. Drought treatments were continued until leaf wilting was evident.
cDNA Library Construction and Screening Double-stranded cDNA was prepared essentially as described by Gubler and Hoffman (1983) starting from poly(A)+ RNA isolated from ABA-sprayed potato leaves. After second-strand synthesis, the doublestranded cDNAwas ligated to EcoRl adaptors (kgtll cloning kit; Amersham International), size fractionated, and then inserted into the EcoRl site of kgtll. In vitro packaged bacteriophages were used for Escherichia coli Y1090 infection. On average, 2 x 105 clones were obtained per microgram of poly(A)+ FINA.
ABA-induced cDNA clones were screened by differential plaque hybridization, by using radioactively labeled first-strand cDNA probes prepared from poly(A)+ RNAs isolated from either wound-induced or unwounded potato leaves.
DNA Sequence Analysis
For cDNA insert excision, phage DNAs were digested at the BamHl restriction sites present in the EcoRl adaptors used for the construction of the library. BamHl inserts were subcloned into pGEM4 plasmids and sequenced by the dideoxy chain termination method (Sanger et al., 1977) . Overlapping clones were sequenced on both strands, and restriction sites were confirmed.
Computer analysis was performed with programs from the University of Wisconsin Genetic Computer Group (Devereux et al., 1984) on a VAX computer.
RNA Gel Blot Analysis
Total RNA was extracted from different tissues of control or treated potato plants and subjected to electrophoresis on formaldehyde-agarose gels according to Logemann et al. (1987) . Blotting and hybridization conditions were as described previously (Amasino, 1986) .
ABA and Water Potential Quantitations
ABA concentrations were determined as described by Peiia-CortBs et al. (1989) . Water potentials of leaves of control and water-stressed plants were estimated by the liquid phase compensation densitometric method (Shardakov, 1948) .
